Serum fatty acids (FA) have wide effects on metabolism: Serum saturated fatty acids (SFA) increase triglyceride (TG) levels in plasma while polyunsaturated fatty acids (PUFA) reduce them. Traditionally, Eskimos have a high consumption of omega -3 fatty acids (ω-3 FA), but the westernization of their food habits have increased their dietary SFAs, partly reflected in their serum concentrations. We studied the joint effect of serum SFAs and PUFAs on circulating levels of TG in the presence of metabolic syndrome components.
Introduction
The recent increase in cardiovascular disease (CVD) and type 2 diabetes mellitus (DM) among Alaska Natives may be partially related to increased lifespan, but it also appears related to the improving economy in the past 35 years. With Alaskan statehood came considerable wealth, including cash for store-bought foods, four-wheelers, snow machines, and televisions. This has resulted in the uninformed purchase of western foods in stores and for many, the development of a sedentary lifestyle. Where life was once a real struggle, with extensive energy expenditures, the life for many is now more relaxed for both genders, but women's energy expenditure has been greatly reduced resulting in a high prevalence of obesity. 1, 2 , 3 Free serum fatty acids (FFA) have wide effects on metabolism and its excessive intake produces insulin resistance in animals and humans.4 , 5 Serum cholesterol levels increase when diet includes high concentration of saturated fat whereas they decrease in the presence of polyunsaturated fatty acids (PUFA).6 A meta-analysis conducted by Mensink et al, 7 showed that replacement of carbohydrates by PUFA decreased the level of triglycerides (TG). Saturated fats (SFA), like stearic and palmitic acids, have a marked stimulatory effect on glucosemediated insulin secretion in perfused pancreas, a finding that has been confirmed recently. 8 Meanwhile, epidemiological studies show a positive relationship between monounsaturated fat acids (MUFA)and beta cell insulin secretion.9
The possibility that over-consumption of certain specific fats can facilitate the development of type 2 diabetes (DM) has emerged only recently. The suggestion comes from three studies: 1) our findings of elevated plasma levels of palmitic acid in participants with impaired glucose tolerance (IGT) and previously undiagnosed DM 1 ; 2) our intervention study aimed at decreasing consumption of palmitic acid and 3) from experiments in which adult rat pancreatic islets were cultured on plates.10 These cultured plates showed a clear lipotoxic effect of palmitic acid by increased apoptosis rate coupled with reduced proliferation capacity of β-cells and consequently impaired insulin secretion. The deleterious effect of palmitate on β-cell turnover is mediated via formation of ceramide and activation of the apoptopic mitochondrial pathway.
Relatives of individuals with DM have increased FFAs availability that contribute to mitochondrial dysfunction, which can be the initial step to develop other abnormalities such as accumulation of intramyocellular lipids, impaired lipid oxidation and insulin resistance. 11 Guidelines for the American Heart Association for weight management emphasizes and limiting consumption of saturated fat to less than 10% total energy intake and considering the beneficial effects of ω-3 fatty acids supplements. 12 There are limited studies related to the association of total and relative concentration of specific FAs in relation to the total pool of triglycerides and how this is affected by glucose, HDL-C, blood pressure and waist circumference.
To address if the ω-3 concentration affects the metabolic syndrome (MetS) components, we can approach the problem analyzing each MetS component. This approach is incomplete as it does not consider the MetS as a whole cluster where each component is conditioned by the presence of others, the clusters are due to the common base of insulin resistance. 13 Each MetS component is not independent from the others. Even more, their dependence is not equal for each combination of MetS components. Some combinations have higher likehood to be dependent than others, so, we considered that the best approach was to include the whole cluster.14 The canonical regression was used as a multivariate approach that considered all MetS components at the same time with respect to their relation with total FAs. We described how the absolute plasma concentration (mg/mL) and relative concentration (% in the red cell membrane) of specific FAs correlate with serum triglycerides in the presence of MetS components.
MATERIALS AND METHODS

Study population
We invited 212 men and 240 women between 25 and 91 years of age from four villages (One Inupiat, one Central Yupik and two Siberian Yupik villages) in the Norton Sound Region of Alaska to participate in the study. The overall response from the potential sample population were 50% males and 67% females. All subjects were screened during a four week period in 1994.
Study screening
This project followed the Strong Heart Study Protocol 15 which consisted of a personal interview (including medical history), physical examination (including blood pressure measurements and ECG), blood sampling and nutritional interviews using 24-h recall and food frequency instruments.1 , 16 The latter were conducted the day before the blood sampling. Blood chemistries were carried out at the Medstar Research Institute that also does the analysis for the Strong Heart Study. The methods used have been described elsewhere. 15 Insulin was measured using a radioimmunoassay developed as a modification of the method of Morgan and Lazarow.15 Anthropometric measurements included hip, height, weight and waist (at umbilicus) circumferences. 16 , 17 After the participant had rested for 5 minutes in the sitting position, three consecutive blood pressure measurements were made on the right arm with a standard stethoscope, an appropriate-sized cuff, and a Baum mercury sphygmomanometer (W.A. Baum Company, Copiaque, New York), using the first and fifth phase Korotkoff sounds. The mean of the last two measurements was used to estimate the blood pressure.
Plasma FA analysis
Plasma FAs were analyzed at the University of Alaska Anchorage 1 in 1994 and has been described elsewhere. 10, 16 The concentration of each FA was determined for each sample using regression analysis. The ratio of the area of each fatty acid peak to the internal standard peak was plotted against the weight ratio of the fatty acid and the internal standard. The regression equation was used to calculate the concentration of each fatty acid in each sample. Typical correlations were 0.99 or better.
Finally, we studied the Δ 6 desaturation index, a known measurement associated with cardiovascular disease: 18 
Statistics
General descriptions of variables were shown as mean ± standard deviation.. Canonical correlation was conducted with 397 subjects (204 men and 193 women) that complete the matrix of all MetS components. Gender is related to important metabolic differences; therefore, each gender was analyzed separately. We used the first canonical variate to calculate the correlation between every two sets of variables. 19 The canonical structure matrix was calculated using the canonical variate scores with the original data. The p value was calculated according to the method described by Bartlett.20 Waist circumference is a MetS component, but it explains partially the presence of other MetS components. This inconsistency led us to run models with waist circumference at the explanatory side of the canonical equation and to run another model with waist circumference at the explained side. These sides (explanatory or explained) are simple conventions according to the subjacent biological background of the hypothesis.
The models included BMI and waist circumference, but they were analyzed separately because of their high correlation (colinearity r=0.9, p<0.01).
Multiple linear regression was used to adjust for variables that explain serum triglyceride variation. Sex, age, village, waist circumference or BMI were used as adjustment variables. We worked with first order interaction models to maintain a simple way to understand basic relationships.
We tested the hypothesis that increasing weight and serum glucose should be positively associated with higher desaturation index and the Stepwise backward method was used to define the model. We considering a p value less than 0.10 as an important contributor of the triglyceride variation. Each model was assessed by residual analysis of Cook, Mahalanobis and Leverage distances. Surface response graphics were built to show the interaction results obtained from the multiple linear model.
RESULTS
We analyzed 212 men and 240 women (age 47.9±15.7 y, BMI 26.9±5.3) from four villages located in Alaska.
The analysis showed important sex differences for anthropometric measurements and insulin resistance markers but not for serum FA levels (table 1). It is remarkable that this population has, on the average, high fasting glucose levels but low HOMA-IR index, low serum triglycerides and high HDL-C.
Clusters of metabolic syndrome
The canonical correlations variates showed the relation between the metabolic syndrome components and the studied serum lipids.
Serum FAs (described in table 2) were related mainly to triglycerides and diastolic blood pressure in women (Rc=0.71, p<0.0001) and men (Rc=0.67, p<0.0001). The association was significant for systolic blood pressure, waist circumference and glucose only in men. The structural coefficient shows that the contribution of triglycerides to the canonical variates was the highest of all metabolic components for both genders (r= 0.904 for women and r=0.905 for men). The results can be seen in table 2.
The most important FA association with the cardiovascular risk variables in women and men were, 18:1ω-9 (r=0.291, r=0.375), 18:2ω-6 (r=0.124, r=0.187), 18:3ω3 (r=0.122, r=0.213), 18:3ω-6 (r=0.194, r=0.297), 20:3ω-6 (r=0.179, r=0.176), and 20:5ω-3 (r=−0.304, r=−0.245; all with p<0.05, respectively (Table 2) . Interestingly, women showed a slight additional effect of 20:4ω6 (r=−0.01, p=0.011) and men for 18:0 (r=0.107, p=0.057). The waist circumference was a very important variable that correlated with the canonical variate r=0.71 for women and r=0.54 for men (p<0.001 for both).
In a previous exploratory model we tested the waist circumference at the dependent side of the equation (See statistic methodology section). The contribution of TG to the canonical variate remained important.
Levels of serum triglycerides associated with FA concentration
Based on our canonical model, we decided to analyze the effect of FAs on triglyceride variation using multiple linear regression models. The initial model included serum FA and its interactions, adjusted by age, sex, waist circumference, BMI and HOMA index. Two models were tested: 1) Absolute serum levels of FA and relative proportion (percentage) of serum FA.
2) The model with absolute concentration of FA showed multiplicative interaction between 20:5ω3 and 16:0; 18:1ω9 and 18:2ω6; 18:1ω9 and 18:3ω6; 18:2ω6 and 20:3ω6; 18:3ω3 and 20:3ω6.
The adjusted serum triglycerides and the interaction between fatty acids as percentage can be seen in figure 1 and as absolute serum levels in figure 2. The described associations remained despite adjustment using HOMA-IR as covariate.
The delta-6-desaturation index did not explain the variation of triglycerides, most of its variation was associated with serum insulin levels (r=0.32, p<0.001), BMI (r=0.19, p<0.0001) and waist circumference (r=0.25, p<0.001) (The last two were analyzed in separated models).
DISCUSSION
This study demonstrates that the interaction between different types of FAs is associated mainly with serum triglycerides compared to other studied variables related to insulin resistance. This relationship was independent of the HOMA-IR measurement and differs according to whether the FAs are considered as absolute serum concentration or relative (percentage) component. The absolute variation of polyunsaturated FA showed an important inverse correlation with triglycerides and other components of metabolic syndrome. Cholesterol concentration was not affected by such variation.
The current criteria for MetS include the waist circumference but this is a causal factor for the other four components yielding to controversial aspects about its clinical utility. 21 We considered that the best way to understand our model with biological basis was to include the waist circumference in the explanatory side of the canonical correlation. The effect of ω-3 FA upon triglycerides remained significant despite the waist circumference at the explained side of the equation which supports the independent association of ω-3 FA with triglyceride concentration. We included in the explained side of the canonical equation the total cholesterol, as another metabolic component associated with coronary disease, but it is clear that triglyceride concentration remained associated with the specific ω-3 FA concentration.
It is clear that each FA has its own particular effect on metabolism. Intervention studies have shown that fatty acid composition of structured triacylglycerols affects its digestion and absorption; moreover, the inclusion of some monounsaturated fat can prevent fat accumulation in healthy individuals. 22 The studied population showed high average serum glucose levels, but accompanied by low HOMA-IR index and, most remarkable, the presence of low levels of triglycerides and high HDL-cholesterol. This unique metabolic profile may be related to environmental or genetic differences, which influence specific phenotypes i.e. It is known that adipose tissue depot in muscle (metabolic effect) is influenced by ethnicity (environment and genetic effects). 23 The study of whether the recently introduced non-traditional foods are harmful to these populations has only recently begun. 16 The plasma content of C20 and C22 ω-3 FAs are derived from fish and marine mammals, principal components of traditional Eskimo diet.10 Lack of information about healthy food has resulted in many Eskimos turning from healthy traditional foods, rich in ω-3 fatty acids and low in saturated fats, to store bought foods high in saturated and trans fatty acids. Young Eskimos currently consume large amounts of nontraditional fat. 1 Thus ethnic specific craving for such items as Eskimo Ice Cream (now made from Crisco shortening and berries) has led to a distinct change in fat consumption. The frequently purchased items high in 16:0 and trans 18:1-9 FAs are butter, shortening, margarine, and bacon. Our screening of 454 Alaskan Eskimos revealed that many exceeded the fat and saturated fat restrictions consistent with the Step 1 NCEP recommendations: 42% of individuals had diets that were ≥10% saturated fat, 61.1% had diets that were ≥ 300 mg cholesterol, and 81% had diets that were ≥ 30% total fat. Considering that DM and CVD were rare in this population only 40 years ago on a traditional diet, it is easy to imagine that change in fat consumption in this population contributes to disease. It is also likely, but not yet proven, that other Native Americans have changed their fat consumption. For example, the Pima Indians now also use Crisco shortening in considerable quantities in tortillas and fried bread.
A challenge in clinical trials for testing diets is the low adherence to the diet, however, the data consistently show that fish diet and fish oil reduce the overall risk of coronary death. 24 The levels of FAs are not only related to diet consumption, but also to the expression of enzyme activity that can contribute to the phenotypes of metabolic syndrome. The activity of the 11-b-hydroxysteroid dehydrogenase type 1 in adipose tissue has been associated with fasting glucose, insulin levels and insulin resistance. 25, 26 But the clinical significance is still controversial, because the enzyme can be a marker and not a determinant of obesity and insulin resistance. 27 
Study limitations
This cross sectional design does not reveal the possible mechanisms that explain the causality of the model. Temporality can not be tested. However, the intervariable correlational analysis conducted here can help to understand relationship between variables.
Study strengths
Direct serum measurement of different types of FAs can help to understand how their serum concentration is related to variables related to cardiovascular disease. The analysis of complex traits is difficult because many variables act together at the same time. Analyses by multivariate methods become a key to understand the complex association between variables.
We considered the interaction between FAs. This first order interaction helps to understand the relation ship between percentages compared to absolute values. These two analyses showed different relationship between FAs and triglycerides, suggesting different metabolic pathways for plasma FAs and FA percentage within red cell membranes. In other words, these measurements of FAs concentration are not equivalent and are phenotypes of complex subjacent metabolism and not the simple fat ingestion.
Conclusions
The amounts of absolute plasma concentration or relative concentration of specific FAs are related to TG concentration. The FAs can play a causal role for subsequent complications of MetS and the metabolic effect is related with the biochemical configuration associated with different metabolic pathways for each FA. The controversy remains, however, the waist circumference looks better as explanatory variable, independent of the ω-3 concentration, of the triglyceride concentrations and the other four MetS. Metabolism. Author manuscript; available in PMC 2011 January 1.
Table 2
Canonical loadings and matrix structure. The matrix structure was calculated with the correlation of the canonical variates against the original variables. The first canonical correlation root for women was 0.77 (p<0.001) and for men was 0.78 (p<0.001). Table 3 Multiple lineal regression for serum triglycerides concentration. The first 3 columns are for FA in absolute serum concentration values (mg/mL); and the other 3 columns are for FA measured as relative concentrations (percentage). Stand= Standardized coefficients. Blank spaces denote non-significant effect.
